This study describes the comparison of three methods for genotyping of Mycobacterium tuberculosis, namely MIRU-VNTR (mycobacterial interspersed repetitive units-variable number of tandem repeats), spoligotyping and, for the first time, MLST (Multilocus Sequence Typing). In order to evaluate the discriminatory power of these methods, a total of 44 M. tuberculosis isolates obtained from sputum specimens of patients from Brazil were genotyped. Among the three methods, MLST showed the lowest discriminatory power compared to the other two techniques. MIRU-VNTR showed better discriminatory power when compared to spoligotyping, however, the combination of both methods provides the greatest level of discrimination and therefore this combination is the most useful genotyping tool to be applied to M. tuberculosis isolates.
Introduction
Tuberculosis (TB) remains as one of the most deadly infectious diseases worldwide and a leading public health problem. It is a chronic disease caused by the bacillus Mycobacterium tuberculosis that spreads from person to person through the air (Zaman, 2010) . It is an infectious disease characterized by high morbidity and mortality in developing countries and in urban areas of developed countries (Sequera et al., 2008) . Recently, the World Health Organization (WHO) announced, on the Global Tuberculosis Report 2012 that, in 2011, there were an estimated 8.7 million incident cases of TB globally, equivalent to 125 cases per 100,000 populations (WHO, 2012) .
In the mid-1980s, the first integration of molecular methods to discriminate clinical isolates of M. tuberculosis was related. Previously established methods, such as comparative growth rates, colony morphology, susceptibility to select antibiotics, and phage typing are helpful, but present shortcomings due to their lack of discrimination, which restrains their application in TB epidemiology (Mathema et al., 2006) .
Given the evolution of DNA-based approaches in recent decades, many genotypic methods have been used effectively in taxonomic and identification studies of a range of bacterial genera, including M. tuberculosis. Furthermore, whole-genome sequence data have opened up new insights into epidemiological surveillance (Lukinmaa et al., 2004) . DNA fingerprinting of M. tuberculosis isolates is a helpful technique to establish the extension of recent transmission in a population and the probable risk factors for recent transmission, to identify earlier unsuspected transmission, to screen the transmission of drugresistant strains, and to confirm laboratory cross contamination (Cowan et al., 2002) .
Several alternative PCR-based methods have been developed in order to overcome these problems. Spoligotyping is often used as a secondary method for typing low-copy-number IS6110 isolates, but it does little to improve strain differentiation in population-based studies (Allix-Béguec et al., 2008; Cronin et al., 2001) . Spoligotyping is a technique related to DNA polymorphisms within direct repeat (DR) locus of M. tuberculosis, pointing out the presence or absence of a set of target spacer sequences between the DRs. The octonal pattern of spacers between the conserved DRs in the region was used to differentiate M. tuberculosis strains (Mendes et al., 2011; Sola et al., 2001) .
Currently, genotyping methods aimed at the analysis of the variable number of tandem repeats (VNTR), using mycobacterial interspersed repetitive units (MIRU), present the best potential. This technique is based on the variability found in 12 specific loci interspersed throughout the mycobacterial genome (Supply et al., 2000) . Lately, MIRU-VNTR genotyping approaches employing 15 or 24 loci (Alonso-Rodríguez et al., 2008; Supply et al., 2006) have been evaluated and applied to molecular epidemiological typing in mycobacteria (Noguti et al., 2012) .
Recently, the analysis of multiple housekeeping genes has become a broadly applied tool for the investigation of taxonomic relationships for many bacterial species. It is possible to attain an overall and consistent indication of genetic relationships among different organisms by using information obtained by the comparison and combination of multiple genes. The ad hoc committee for re-evaluation of the species classification has established that the sequencing of a minimum of five well-chosen housekeeping genes, universally distributed, present as single copies and located at distinct chromosomal loci, is a promising method for bacterial typing (Martens et al., 2008; Stackebrandt et al., 2002) .
Multilocus sequence typing (MLST) is a technique for typing multiple loci using the DNA sequences of internal fragments of multiple housekeeping genes, which was proposed in 1998 as a portable, universal, and definitive method for characterizing bacteria (Maiden et al., 1998) . Thereafter, MLST data have been increasingly employed in epidemiological investigations of various scales and in studies of population biology, pathogenicity, and evolution of different bacterial species (Maiden, 2006) .
The purpose of this study was to compare the two main molecular typing methods for M. tuberculosis, namely MIRU-VNTR and spoligotyping, and also MLST for this species.
Material and methods

Bacterial isolates and patients
A total of 44 M. tuberculosis isolates were obtained from sputum specimens of patients over 18 years of age with pulmonary TB, between 2002 and 2007, from four different cities in Brazil, namely São Paulo, São Paulo State (SP) (n = 10), Araraquara, SP (n = 12), Dourados, Mato Grosso do Sul State (MS) (n= 20) and Campo Grande, MS (n= 2). M. tuberculosis H37Rv (ATCC 27294) strain was used as positive control in all experiments. Patients received medical care at the following reference health centers for TB treatment: Special Health Service of Araraquara, (SESA) located in Araraquara city, SP; Clemente Ferreira Institute, located in São Paulo city, SP; and Central Laboratory of Mato Grosso do Sul (LACEN-MS), located in Campo Grande city, MS. These reference centers were responsible for the diagnosis of tuberculosis (smear microscopy, culture and phenotypic identification tests). M. tuberculosis isolates from Dourados and Campo Grande were isolated from indigenous patients and the remaining isolates were obtained from outpatients.
Mycobacteria isolates identified as belonging to the M. tuberculosis complex by phenotypic methods were sent to the Mycobacteriology Laboratory (FCFAR-UNESP), São Paulo, Brazil, for molecular assays including polymerase chain reaction (PCR), identification of IS6110 and genotyping. All isolates were inoculated in Löwenstein-Jensen (LJ) solid medium, incubated at 37°C and identified as M. tuberculosis by PCR-IS6110 (Leão et al., 2004; van Embden, et al., 1993) . This study has been approved by the Research Ethics Committee of the Faculdade de Ciências Farmacêuticas de Ribeirão Preto, USP (reference 35/2008). As for indigenous samples, the approval was issued by the National Research Ethics Committee (CONEP, reference 869/2009).
MIRU-VNTR typing
Genomic DNA was extracted by thermolysis method, as previously described (Mazars et al., 2001) . As for genotyping, the set of VNTRs, consisting of 12 MIRUs (MIRU loci 2, 4, 10, 16, 20, 23, 24, 26, 27, 31, 39, 40) was investigated as mentioned (Mazars et al., 2001; Supply et al., 2000 Supply et al., , 2002 . Each locus was amplified individually in a PTC-100 thermal cycler (MJ Research, Ramsey, Minnesota, USA) and the amplified products were resolved by 1.5% agarose gel electrophoresis into bands, which were stained with ethidium bromide (0.5 μg mL −1 ) and revealed under UV light. The size of the PCR fragment for each locus was estimated by visual comparison with the molecular markers and the MIRU allele score was determined by the size, as described (Supply et al., 2002; Mazars et al., 2001) . Results from each of the 12 loci were combined to create a 12-digit allelic profile.
Spoligotyping
Spoligotyping was performed in all M. tuberculosis isolates using the standard method to detect the presence or absence of 43 spacers (Kamerbeek et al., 1997) . The general PCR procedure, including preparation of the sample, master mix and primers, was performed by the method given by Mendes et al. (2011) . PCR products were hybridized to a spoligo-membrane (Pall Biosystems, Portsmouth, UK) containing 43 spacer oligonucleotides covalently linked therein. Spoligotype results were converted into octal code and in the SITVIT2 proprietary database of the Pasteur Institute of Guadeloupe, which is an updated version of the previously released SpolDB4 database (available at http://www.pasteur-guadeloupe.fr:8081/SITVIT_ONLINE/). Currently, SITVIT2 contains 90,000 isolates. In this database, spoligotype international type (SIT) designates a spoligotyping pattern shared by two or more patient isolates.
MLST
Fourteen genes distributed around the chromosome of M. tuberculosis H37Rv (accession number NC_000962.2) were initially chosen for MLST scheme. These housekeeping genes were chosen based on their putative function, on their use in MLST schemes for other bacterial species (http://pubmlst.org/databases.shtml) and on previous studies on genetic polymorphisms in M. tuberculosis (Baker et al., 2004; Gutierrez et al., 2005; Rouse et al., 1995) . Primers were designed based on the nucleotide sequences of the M. tuberculosis H37Rv deposited in GenBank (Accession No: NC_000962.2), using PrimerQuest software (Integrated DNA Technologies, Coralville, Iowa), to amplify 465 to 787 bp of the genes described in Table 1 .
The gene fragments were amplified from genomic DNA with the primers described in Table 1 , under the following conditions. Amplifications were carried out in a total volume of 50 μL with 60 ng of template DNA, 0.25 pmol of primers (Invitrogen, Carlsbad, CA), 5 μL of 10 × buffer, 15 mmol L −1 MgCl 2 (Invitrogen, Carlsbad, CA), 4 μL of 2 mmol L −1 deoxynucleoside triphosphate mix (Eppendorf, New York, USA), and 0.125 U Taq High Fidelity (Invitrogen, Carlsbad, CA). PCR reaction was performed in a Mastercycler Gradient (Eppendorf) for all genes as it follows: initial denaturation 94°C for 2 min, 30 cycles at 94°C for 1 min, annealing temperature 60°C for 1 min, 72°C for 1 min and an additional extension at 72°C for 5 min. M. tuberculosis H37Rv (ATCC 27294) was used as positive control, and reactions without DNA were used as negative control for all PCR assays. The amplified products were resolved by 1.5% agarose gel electrophoresis into bands, which were stained with ethidium bromide (0.5 μg mL
) and revealed under UV light. Expected PCR product lengths for each primer set are listed in Table 1. PCR products were purified for sequencing with GFX PCR (GE Healthcare, Buckinghamshire, UK). Automated DNA sequencing was performed using MegaBACE 1000 DNA sequencers (GE Healthcare, Buckinghamshire, UK), with the same PCR primer sets. Each forward and reverse strand was sequenced at least twice. Raw sequences were reviewed by visual inspection using ChromasPro version 1.33 software (Technelysium Pty. Ltd). Different sequences of a given locus were given allele numbers, and each unique combination of alleles (the allelic profile) was assigned a sequence type (ST).
After a pilot study, the seven best housekeeping genes were chosen among the fourteen genes previously mentioned for MLST scheme, based on criteria that included diversity of obtained sequences, facility and reproducibility amplification of the PCR products, and efficacy of sequencing using the same primers used for amplification. Thus, the following seven loci were chosen for the MLST scheme: gyrA, gyrB, katG, purA, recA, rpoB and sodA.
For each isolate, the different sequences present in each housekeeping gene are assigned as distinct alleles, which received an arbitrary allele number for identification. Each novel set of seven alleles was defined as sequence typing (ST), which also received an arbitrary number for identification.
Construction of dendrograms
Individual data from spoligotyping, MIRU-VNTR and MLST and a combination of the three data sets were analyzed with the software program BioNumerics 4.5 (Applied Maths®, Sint Martens Latem, Belgium), using Euclidean Distance to calculate the similarity matrix. A dendrogram based on this matrix was constructed by the UPGMA (unweighted pair group method) method. For MLST, all seven housekeeping gene sequences referring to each isolate were previously concatenated using the program ChromasPro version 1.33 (Technelysium Pty Ltd).
Isolates that showed 100% identity by the different methods were considered clusters and, based on this clustering, a table was constructed to organize the obtained results for the isolates studied by each technique (Table 2 ).
Discrimination index (DI)
The individual discriminatory ability of spoligotyping, MIRU and MLST was evaluated by Simpson's index of diversity, as described by Hunter and Gaston (1998) . This index was also calculated for different combinations among these methods. The authors recommend that a desirable index of discrimination for a molecular typing methodology must be greater than 0.90 in order to be interpreted with confidence (maximum is 1). The best discriminatory method is the one that presents the largest index value when compared to others. This index value is commonly referred as Hunter-Gaston discriminatory index (HGDI).
Results and discussion
Forty-four M. tuberculosis isolates, after phenotypic analyses, were submitted to molecular identification and all isolates have been confirmed as M. tuberculosis complex. Afterwards, the isolates were genotyped using spoligotyping, MIRU-VNTR and MLST techniques ( Table 2) .
The spoligotyping technique showed 27 different profiles, being 56.8% (25/44) of the isolates grouped in eight clusters (A, B, C, D, E, F, G and H) (Fig. 1A) . The Latin American Mediterranean (LAM) clade was the most incident with 38.6% (17/44) of the isolates, followed by T clade with 29.5% (13/44). Other clades were also present, such as Beijing, H and U. Four profiles were classified as orphans because they have not been described in the data bank SITVIT2 yet (Fig. 1A and Table 2 ). Earlier studies have demonstrated the predominance of these clades in Brazil (Noguti et al., 2012; Silva et al., 2009 ). The present results corroborated with those reported by Mendes et al. (2011) which describe a predominance of the clades LAM and T in M. tuberculosis Brazilian isolates.
Regarding the LAM clade, LAM9 (SIT42) was identified in 47% of the isolates (8/17) (cluster D) followed by LAM9 (SIT1075), which was present in 17.6% (3/17) (cluster B) and LAM9 (SIT1800) (cluster C), in 11.7% (2/17). Other LAM profiles (LAM1, LAM2, LAM3 and LAM6) were represented by only one isolate each. Concerning geographic distribution, the LAM clade has a ubiquitous distribution with highly predominance in America. In Brazil, SIT42 has a good adaptability and transmissibility among Brazilian patients. Among eight isolates classified in SIT42, seven were from Dourados city (Mato Grosso do Sul state) and only one from São Paulo city (São Paulo state).
Thirteen isolates were identified as T1 clade with 10 different SITs (1284, 1166, 1214, 102, 174, 291, 291, 86, 244, 53) and two isolates as Beijing clade with the same SIT1 (cluster A). These clades have ubiquitous distribution but, in this study, the Beijing clade was only present in São Paulo city. This fact may be attributed to the large immigration to this city (Table 2) .
Three strains were classified as unknown (U) clade with distinct SITs (29, 560, 450). The H clade was present in five isolates distributed in two groups (F and G), with the SITs 47 (H1) and 50 (H3), respectively. The H clade was only present in São Paulo state. Two isolates (3 and 102) with different and single spoligotyping profiles were designated as orphans by the SITVIT2 database (Table 2; Figs. 1A and 2). It is important to mention that some spoligotypes found in this study were recently described for the first time in Brazil (SITs: 86, 560, 1214 and 1266), which suggests these spoligotypes may be becoming more frequent in this country (Mendes et al., 2011) .
Regarding MIRU-VNTR, the same 44 isolates were analyzed using this technique and 34 different profiles could be observed. 31.8% (14/44) of the isolates were distributed in five clusters with 100% of identity (A′, B′, C′, D′ and E′) (Fig. 1B) . Four clusters were formed by two isolates each (A′, B′, C′, E′). One cluster (D′) was formed by six isolates of patients from Dourados city (Table 2, Fig. 1B ).
In the clusters C′, D′ and E′, it is possible to observe in Table 2 that some strains exhibit exactly the same profile typing for all three methods and were classified as real clusters. Three real clusters were related to isolates (pairs of isolates 104 and 107, 106 and 112, 113 and 117) of patients from São Paulo city and one of them was related to isolates (7 and 8) of patients from Araraquara city. These real clusters indicate that the isolates could have been recently transmitted among the patients, since all of them presented the same profile and resided in the same cities (Table 2) , considering the three studied methods. Multilocus sequence typing (MLST) is broadly and successfully used for a variety of bacteria and the number of new databases available to study different bacterial species is constantly growing. Currently, there are approximately ninety different databases for microorganisms, including fungi and bacteria (http://pubmlst.org/databases.shtml). Although some authors suggest the possibility that MLST is not applicable for typing isolates of M. tuberculosis due to the restricted structural polymorphism of gene sequences, this approach has still not been tested specifically for this species (Comas et al., 2009; Supply et al., 2002) . On the other hand, there are examples of successful application of MLST for nontuberculous mycobacteria (NTM), such as Mycobacterium abscessus, Mycobacterium ulcerans, Mycobacterium marinum and others (Macheras et al., 2011; Mignard and Flandrois, 2008; Stinear et al., 2000) . Therefore, in this study, the authors propose to standardize and test the MLST technique for M. tuberculosis and to compare the discriminatory power of this technique with MIRU-VNTR and spoligotyping.
For MLST analysis, the fourteen housekeeping gene fragments were amplified and sequenced for all 44 M. tuberculosis isolates. The sequences obtained for each one of the seven loci referring to each isolate were individually compared to all other isolates, and the alleles were named consecutively after numbers. Many gene fragments Note: Real clusters are highlighted with a gray background.
analyzed after sequencing had identified a single allele for all strains (aroE, ddl, dnaN, fumC, pta, purA, purH, recA, rpoB, trpE) . Based on the criteria described in the methodology, the seven best were chosen to be used in the MLST scheme, namely gyrA, gyrB, katG, purA, recA, rpoB, and sodA. Among the seven housekeeping genes analyzed, the loci that presented major genetic variability were sodA, showing three different alleles, followed by gyrA, gyrB and katG, with two alleles each. The loci purA, recA and rpoB showed a single allele for all isolates (data not shown). The allelic profile of each isolate generated a total of six different sequence types (STs). The most frequent ST was ST1, comprehending 36 isolates (81.8%), followed by ST3 with 3 isolates (6.8%), ST4 with 2 isolates (4.5%) and STs 2, 5 and 6 comprising one isolate each (2.3%) (Fig. 1C and Table 2 ). The dendrogram represented in Fig. 1C shows the genetic relationship among the studied isolates and in which it is possible to observe the separation of clusters according to the STs obtained for each isolate. Based on the dendrograms obtained for each typing method applied to the isolates of this study, the Simpson's index of diversity was calculated to measure the discriminatory power of MIRU-VNTR, spoligotyping and MLST and the obtained values were 0.98, 0.96 and 0.33, respectively. Comparing these obtained values, it is clear that, according to the theory of Hunter and Gaston (1998) , the techniques MIRU-VNTR and spoligotyping have a much higher discriminatory power than MLST. Moreover, although they have obtained similar values, MIRU-VNTR has greater discriminatory power in comparison to spoligotyping. The superiority of MIRU-VNTR has been previously described in former studies, which found rates of HGDI similar to those found in the present study (Dong et al., 2010; Mulenga et al., 2010) . In contrast, MLST showed a very low value to be interpreted with confidence. The difference of discriminatory power among the three methods is easily perceived by the topology of the three dendrograms presented in Fig. 1 , in which it is possible to observe only three clusters in MLST and that the great majority of isolates are grouped into only one cluster (Fig. 1C) . In contrast, MIRU and spoligotyping presented a higher number of clusters with less isolates each (Fig. 1A  and B) .
As expected, the combinatorial analysis of MIRU-VNTR and spoligotyping techniques with MLST showed a significant reduction of discriminatory power in both cases. However, the combination of MIRU-VNTR with spoligotyping demonstrated a significant increase in the ability to discriminate isolates of the study. While MIRU-VNTR and spoligotyping presented HGDI of 0.98 and 0.96, respectively, both techniques associated showed an index of 0.99, which is nearly considered a desirable perfect index. The dendrogram resulting from the association of these two methods is illustrated in Fig. 2 , in which it is possible to observe that some isolates that were clustered by MIRU-VNTR and spoligotyping ( Fig. 1 A and B) were separated after the combination of these two methods. These results corroborate with the findings of a study conducted by Noguti et al. (2012) , which also shows the increase in discriminatory power by combining these two techniques for isolates from a low-endemic setting population. Mendes et al. (2011) also demonstrated that some isolates clustered by spoligotyping in 100% identity were separated when combined with the MIRU-VNTR technique.
Although MLST is broadly used as a useful tool for molecular epidemiology of many bacterial species, the results presented here demonstrate that MLST has low discriminatory power for M. tuberculosis isolates, suggesting that it is not applicable for this species. This may be explained due to the genome of M. tuberculosis being genetically monomorphic harboring little DNA sequence diversity (Comas et al., 2009) and also due to the sequence conservation of the housekeeping genes, thereby MLST might not have sufficient discriminatory power for M. tuberculosis isolates. Recently, the advent of next generation sequencing (NGS) has opened new possibilities for epidemiological and phylogenetic studies, especially for genetically monomorphic bacteria. This progress may significantly improve future studies for MLST of M. tuberculosis, allowing the analysis of a large number of genes in a shorter period of time, increasing the chances to distinguish isolates that have the same MLST profile when analyzed by the traditional method.
In conclusion, in this study, three molecular typing methods (MIRU-VNTR, spoligotyping and MLST) were tested for 44 M. tuberculosis isolates, of which MLST was fully tested for this species for the first time in the present study. Among the three methods, MLST did not show satisfactory results and is not indicated as an appropriate method to differentiate strains of M. tuberculosis. MIRU-VNTR showed better discriminatory power when compared to spoligotyping, however, a combination of both methods provided the greatest level of discrimination and, therefore, it is the most useful genotyping tool to be applied in M. tuberculosis isolates.
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